Abstract: This paper evaluates the eco-efficiency performance of agriculture at the sector level using the joint application of life cycle assessment (LCA) and data envelopment analysis (DEA) techniques. The research has been performed for the agricultural production of the 28 member states of the European Union (the EU-28). The foundation for the calculation of the eco-efficiency performance was a statistically selected set of impact categories derived from the life cycle impact assessment (LCIA) phase as input values and economic indicators, with the gross domestic product (GDP) of their agriculture as the output value. The results of the analysis showed that the agricultural sectors of 10 member states of the European Union (i.e., Belgium, Bulgaria, Estonia, Finland, Greece, Italy, Malta, the Netherlands, Romania, and Sweden) are relatively eco-efficient. The remaining 18 member states of the EU-28 have eco-inefficient agricultural sectors, though to a varying extent. This means that their agricultural sectors consume too many natural resources (in particular, energy), use too much fertilizer, and produce considerable amounts of airborne emissions in relation to the current level of GDP per hectare. These insights into the eco-efficiency performance of agriculture in the EU-28 may contribute to the adoption of better management techniques and more effective agricultural policies.
Introduction
Agriculture is one of the primary economic sectors of the European Union, because it plays a vital role in producing food, maintaining natural resources, and land management. This is the reason why promoting the trade-off between the environmental and economic performance of agricultural production is one of the major objectives of the common agricultural policy (CAP) of the European Union. The need for the integration of environmental concerns into agricultural practices was reflected, among others, in the General Union Environment Action Programme to 2020 'Living well within the limits of our planet', whose authors argue that funds for agriculture should be spent in line with environmental and climate objectives [1] . This, however, requires a good understanding of the relationship between agriculture and the environment, expressed in a quantitative manner [2] . Therefore, from the policymakers' standpoint, there is a strong need for new methodologies that enable the integrated assessment of the environmental and economic performance of agriculture in order to design appropriate economic instruments, upon which decisions can be based [3] .
Eco-efficiency has been coined in the literature as a quantitative management tool for studying environmental and economic aspects concurrently. The concept of eco-efficiency is defined as an aspect of sustainability relating environmental performance along with the product system value [4] . Although the World Business Council for Sustainable Development (WBCSD) originally designed the concept of eco-efficiency with enterprises in mind, further work conducted by the Organisation for
Materials and Methods
The joint application of LCA+DEA constitutes a relatively recent conceptual and methodological advancement in eco-efficiency quantification. It was introduced in 2009/2010 to provide a link between operational efficiency and environmental impacts [14, 15] . The LCA+DEA methodology is applied as either a three-step LCA+DEA approach or a five-step LCA+DEA approach. The two formats of the joint application of LCA+DEA have analogues in the first and the second steps (i.e., the performance of the life cycle inventory (LCI) and life cycle impact assessment (LCIA) for each of the decision-making units (DMUs)) but differ in terms of the environmental inputs taken into account in the third step (i.e., the DEA analysis). While in the three-step approach, both the LCI and LCIA results are the inputs in the DEA calculation, in the five-step approach, the input set consists solely of the LCI results. Subsequently, in the five-step approach, the LCIA is performed according to the new LCI data obtained in the third step, and the achieved results are interpreted to improve eco-efficiency.
Considering the traits of both approaches, a modified three-step LCA+DEA methodology was applied for the eco-efficiency evaluation of agriculture in the EU-28 ( Figure 1 ). It consists of the following steps:
The life cycle inventory (LCI) of agriculture for each of the member states of the European Union that involves the collection and calculation of relevant environmental inputs and outputs (indicators of natural resource consumption and environmental pressure indicators). II.
The life cycle impact assessment (LCIA) of agriculture for every member state of the European Union in order to translate the results of the LCI drawn in the first step into their contributions to relevant impact categories. III.
The eco-efficiency evaluation of agriculture for each member state of the European Union with the application of the DEA model, using a set of impact categories derived from the LCIA phase as input values and economic indicators as output values. This stage includes the process of environmental benchmarking.
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As is apparent from the above description, the results of the LCIA constitute the only input set for the eco-efficiency quantification using the DEA method in this research. There are many arguments for such a methodological procedure. First and foremost, it is far more appropriate to quantify eco-efficiency based on environmental impacts rather than operational input-output LCI tables [25] . However, the former in contrast with the latter covers the consequences of man-made intervention from the life cycle point of view, including upstream and downstream processes. An additional advantage of the use of the LCIA results instead of those of the LCI in the DEA method is the better discriminatory power of the eco-efficiency analysis [22] . The first two steps (i.e., the LCI and LCIA) preceded by goal and scope definition, add up to the LCA. The LCA is regulated by ISO 14040:2006 (Environmental management-Life cycle assessment-Principles and framework) and ISO 14044:2006 (Environmental management-Life cycle assessment-Requirements and guidelines), and thus, the research was entirely performed according to the aforementioned standards with a few necessary adaptations regarding the choice of functional unit and characterisation method.
Life Cycle Assessment (LCA)
The LCA is defined as a method for the 'compilation and evaluation of the inputs, outputs and the potential environmental impacts of a product system throughout its life cycle' or 'specific parts of the life cycle' [33, 34] . It is a relative approach, structured around a functional unit. Regarding the LCA studies of agriculture, different functional units may be used. Basically, they can be classified into mass-based or land-based units. A mass-based unit, also called a product-related functional unit, is applied when the same crop type and, thus, the same production systems are compared [35] . On the other hand, a land-based unit, also called an area-related functional unit, is applied when environmental impacts are caused by different agricultural production systems at a regional or local level [36] . Due to the fact that the LCA of agriculture in the EU-28 is performed at the sector level, the area-related functional unit of 1 ha was selected.
The scope of the analysis covers the agricultural sectors of the member states of the European Union. Through successive enlargements, currently the EU has 28 member countries (i.e., Austria, Belgium, Bulgaria, Croatia, Cyprus, the Czech Republic, Denmark, Estonia, Finland, France, Germany, Greece, Hungary, Ireland, Italy, Latvia, Lithuania, Luxembourg, Malta, the Netherlands, Poland, Portugal, Romania, Slovakia, Slovenia, Spain, Sweden, and the United Kingdom (Figure 2) ). Agriculture occupied 213.6 million ha (i.e., 49% of the total land area of the European Union) in 2013, much of which was utilised agricultural area (174.4 million ha) [37] . In terms of the utilised agricultural area, France (16%) and Spain (13%), followed by the United Kingdom (10%), Germany (9.5%), Poland (8%), Romania (7.5%), and Italy (7%) had the largest share of the EU-28's agricultural land. tables [25] . However, the former in contrast with the latter covers the consequences of man-made intervention from the life cycle point of view, including upstream and downstream processes. An additional advantage of the use of the LCIA results instead of those of the LCI in the DEA method is the better discriminatory power of the eco-efficiency analysis [22] . The first two steps (i.e., the LCI and LCIA) preceded by goal and scope definition, add up to the LCA. The LCA is regulated by ISO 14040:2006 (Environmental management-Life cycle assessmentPrinciples and framework) and ISO 14044:2006 (Environmental management-Life cycle assessment-Requirements and guidelines), and thus, the research was entirely performed according to the aforementioned standards with a few necessary adaptations regarding the choice of functional unit and characterisation method.
The scope of the analysis covers the agricultural sectors of the member states of the European Union. Through successive enlargements, currently the EU has 28 member countries (i.e., Austria, Belgium, Bulgaria, Croatia, Cyprus, the Czech Republic, Denmark, Estonia, Finland, France, Germany, Greece, Hungary, Ireland, Italy, Latvia, Lithuania, Luxembourg, Malta, the Netherlands, Poland, Portugal, Romania, Slovakia, Slovenia, Spain, Sweden, and the United Kingdom (Figure 2) ). Agriculture occupied 213.6 million ha (i.e. 49% of the total land area of the European Union) in 2013, much of which was utilised agricultural area (174.4 million ha) [37] . In terms of the utilised agricultural area, France (16%) and Spain (13%), followed by the United Kingdom (10%), Germany (9.5%), Poland (8%), Romania (7.5%), and Italy (7%) had the largest share of the EU-28's agricultural land. The LCI is a phase of the LCA involving the collection and quantification of relevant environmental inputs and outputs [33, 34] . The term environmental inputs and outputs refers to the elementary flows associated with the product system in the form of materials, energy, water, and emissions to air, water, and land, as well as other releases, such as noise, radiation, and odour [38] .
In terms of the LCI of agriculture in the EU-28, a set of environmental inputs encompasses the following indicators of natural resources consumption: The choice of environmental inputs and outputs for the LCIA calculation of agriculture in the EU-28 was dictated by the availability of data from the European Statistical Office (Eurostat) and the Organisation for Economic Co-operation and Development (OECD). It ought to be emphasised, however, that in order to present the environmental state of the European agricultural sector as comprehensively and objectively as possible, all publicly available environmental data were applied in this research. The LCI of agriculture was based on the statistics of the agriculture, forestry, and fishing sector (Appendix A of NACE classification) of the 28 member states of the European Union.
Life Cycle Impact Assessment (LCIA)
The LCIA is a successive phase of the LCA aimed at understanding and evaluating the magnitude and significance of environmental inputs and outputs identified in the LCI phase [33, 34] . It comprises the following steps: classification, characterisation, normalisation, grouping, and weighting, although, the last three are non-compulsory. Due to the fact that the weighting was based on the subjective value judgments of the LCIA results, it was excluded from the research.
The selection of the LCIA method remains the focal point for measuring environmental profiles. There is a broad library of mid-and endpoint methods available in SimaPro Software, which was applied to conduct this LCA analysis [39] . Considering the goal and scope of the current analysis, the ReCiPe Midpoint multi-impact characterisation method with the hierarchist perspective (ReCiPe Midpoint (H)) was selected. ReCiPe harmonises two families of LCIA methods: the midpoint-oriented CML 2002 method and the endpoint-oriented Eco-indicator 99 method. At the midpoint level, selected for this research, the ReCiPe method acknowledges the following impact categories, representing a broad scope of environmental problem areas, including: climate change (kg CO 2 eq), ozone depletion (kg CFC-11 eq), terrestrial acidification (kg SO2 eq), freshwater eutrophication (kg P eq), marine eutrophication (kg N eq), human toxicity (kg 1,4-DB eq), photochemical oxidant formation (kg NMVOC), particulate matter formation (kg PM10 eq), terrestrial ecotoxicity (kg 1,4-DB eq), freshwater ecotoxicity (kg 1,4-DB eq), marine ecotoxicity (kg 1,4-DB eq), ionising radiation (kBq U235 eq), agricultural land occupation (m2a), urban land occupation (m2a), natural land transformation (m2), water depletion (m3), metal depletion (kg Fe eq), and fossil depletion (kg oil eq) [40] .
Data Envelopment Analysis (DEA)
DEA was introduced by Charnes, Cooper, and Rhodes in 1978 as a mathematical programming-based approach to estimate the relative efficiency of decision-making units (DMUs) having multiple inputs and outputs [41] . DEA is considered to be a non-parametric method, because it is based on a series of optimisation issues. The goal of DEA is to indicate efficient DMUs and compute target efficient operating points for those DMUs that are found to be inefficient [15] . Consequently, DEA is a frontier method, because it works by projecting each unit on the efficient frontier on a [0, 1] scale, determined by the best practices.
The basic DEA model, known as CCR, assumes a constant return to scale (CRS), which means proportionality between the output and input values. Soon after, in 1984, Banker, Charnes, and Cooper introduced the second DEA model. The method, called BCC, assumes a variable return to scale (VRS), which means that the outputs do not change in proportion to the inputs. Therefore, it is chosen to be used in the following analysis. The dual form of the input-oriented BCC model can be presented as follows:
where θ o is an eco-efficiency indicator of the j-th observed decision-making unit (DMU), λj is a weight coefficient, i stands for the inputs, r denotes the outputs, and o marks the input/output of the observed unit. Considering the scope of the current research, the units of assessment, called DMUs, are the agricultural sectors of the member states of the European Union. They can be deemed as relatively homogenous for plenty of reasons. First and foremost, they serve similar functions, which include the cultivation of plants and livestock breeding, to provide food and raw materials. Moreover, they are subject to the CAP, and thus, each member state of the EU-28 is obliged to implement similar principles of sustainable agriculture that enable them to balance the economic growth of the agricultural sector with environmental protection [2] . Finally, agriculture in the EU-28 can be described by similar inputs and outputs. Due to the nature of the research, the normalised environmental impact categories of the ReCiPe midpoint multi-impact assessment method were selected as the inputs, whereas, following the recommendations of Gancone et al. (2017) [30] , the gross domestic product (GDP) of agriculture was selected as the output in the BCC model.
Results
Inventory Analysis
Based on publicly available environmental data from the European Statistical Office (Eurostat) and the Organisation for Economic Co-operation and Development (OECD), the LCI of agriculture in the EU-28 was performed. The results of the LCI analysis are presented in a table format, which illustrates the environmental inputs and outputs of agriculture for each member state of the European Union separately (Table A1 of Appendix A).
The total consumption of energy by agriculture in the EU-28 amounted to 23.3 million Mg of oil equivalent that made up 2.2% of the final energy consumption of the European Union in 2015 [42] . There were considerable differences in the consumption of energy by agriculture across the member states of the European Union. The energy use by agriculture was the highest, in absolute values, in France (4.2 million Mg of oil equivalent), whereas, it was the highest per hectare, in the Netherlands (2.0 Mg of oil equivalent per ha). On the basis of available data, the overall consumption of water, including the public and private water supply, by agriculture in the EU-28 (except for Austria, Finland, Ireland, Italy, Portugal, and Sweden) accounted for 35,730.4 million of m 3 [43, 44] . Private (self and other water supplies) water supplies were a major source of water for agriculture in the EU-28.
In the EU-28, the use of fertilizers was at the level of 11.4 million Mg of nitrogen and 1.1 million Mg of phosphorus in 2015 [45] . Although, in absolute values, France was the biggest consumer of both nitrogen and phosphorus fertilizers (2.4 million Mg), the application rate of mineral fertilizers per hectare was the highest in the Netherlands (0.14 Mg per ha). The total sale of pesticides, including plant growth regulators, reached 383 thousand Mg in the EU-28 in 2015 [46] . Fungicides and bactericides were the most used group of pesticides (41% of the total), followed by herbicides, haulm destructors, and moss killers (34% of the total). Looking at the individual member states of the European Union, Spain (77.2 thousand Mg), France (66.8 thousand Mg), and Italy (63.0 thousand Mg) were the top three countries using the greatest amounts of pesticides in 2015. However, as regards the use of pesticides per ha, Malta (14.7 kg per ha), Cyprus (8.2 kg per ha), and the Netherlands (5.4 kg per ha) were the top three countries using the greatest amounts of pesticides in 2015.
The overall air pollutants, including ammonia, carbon dioxide, carbon monoxide, methane, nitrogen oxides, NMVOC, sulphur oxides, and particulates <2.5 µm, emitted by agriculture in the EU-28 in 2015 were at the level of 120 million Mg [47] . Moreover, cross sector analysis proved that agriculture caused 96% of the total ammonia emissions (3.7 million Mg) in 2015. Agricultural practices were also one of the primary sources of other air pollutants, such as methane (9.7 million Mg), nitrogen oxides (1.2 million Mg), NMVOC (1.2 million Mg), and particulates <2.5 µm (0.1 million Mg), albeit for smaller shares. In the EU-28, 18.8 million Mg of waste was generated by agriculture in 2014, which was 0.8% of the total waste generated in 2014 [48] . Across the EU member states, waste generation by agriculture varied from 5.8 million Mg in Spain to 3.0 thousand Mg in Luxembourg, predominantly due to the differences in the size of the agricultural sectors in the member states.
Impact Assessment
Based upon the LCI results, the LCIA profiles of the agricultural production of each member state of the European Union were calculated. As discussed in Section 2, the ReCiPe Midpoint (H) version was chosen as the impact assessment method. The impact categories of terrestrial, freshwater, and marine ecotoxicity were grouped into the larger category of ecotoxicity, whereas agricultural land occupation and urban land occupation were aggregated into land occupation.
The results of the characterisation step of agriculture in the EU-28 proved that the agricultural production in the Netherlands has the most detrimental impact on the environment in all impact categories, excluding terrestrial acidification, freshwater eutrophication, particulate matter formation, and water depletion ( Figure 3 , Table 1 ). In view of the above, the calculated characterization values for agriculture in the Netherlands, in the examined impact categories are as follows: climate change-14,110 kg CO 2 eq·ha −1 , ozone depletion-0.0014 kg CFC-11 eq·ha −1 , marine eutrophication-17.33 kg N eq·ha −1 , human toxicity-174.33 kg 1,4-DB eq·ha −1 , photochemical oxidant formation-43.99 kg NMVOC·ha −1 , ecotoxicity-13.52 kg 1,4-DB eq·ha −1 , ionizing radiation-522.32 kBq U235 eq·ha −1 , land occupation-27.69 m 2 a·ha −1 , natural land transformation-2.64 m 2 ·ha −1 , metal depletion-34.3 kg Fe eq·ha −1 , fossil depletion-2541 kg oil eq·ha −1 . In the impact categories of terrestrial acidification, particulate matter formation and water depletion, agricultural practices in Malta received the highest scores: 308.45 kg SO 2 eq·ha −1 , 43.17 kg PM10 eq·ha −1 and 2494.7 m 3 ·ha −1 respectively. As regards freshwater eutrophication, agriculture in Poland causes the greatest increase of phosphorus concentration in freshwater that is at the level of 0.50 kg P eq·ha −1 . kBq U235 eq·ha −1 , land occupation-27.69 m 2 a·ha −1 , natural land transformation-2.64 m 2 ·ha −1 , metal depletion-34.3 kg Fe eq·ha −1 , fossil depletion-2541 kg oil eq·ha −1 . In the impact categories of terrestrial acidification, particulate matter formation and water depletion, agricultural practices in Malta received the highest scores: 308.45 kg SO2 eq·ha −1 , 43.17 kg PM10 eq·ha −1 and 2494.7 m 3 ·ha −1 respectively. As regards freshwater eutrophication, agriculture in Poland causes the greatest increase of phosphorus concentration in freshwater that is at the level of 0.50 kg P eq·ha −1 . The results of the normalization step of agriculture in the EU-28 revealed the environmental problem areas related to agricultural practices applied in the European Union (Figure 4) . Thus, terrestrial acidification-55.56·ha −1 , natural land transformation-52.33·ha −1 , freshwater eutrophication-21.19·ha −1 , marine eutrophication-20.81·ha −1 and particulate matter formation -20.48·ha −1 are the focal concerns of the agricultural sector. European agriculture causes also other environmental problems, such as: photochemical oxidant formation-7.66·ha −1 , climate change -6.48·ha −1 , fossil depletion-5.22·ha −1 and ecotoxicity (terrestrial, freshwater and marine)-4.68·ha −1 , although to a lesser degree. In the remaining impact categories, the normalized impact on the environment is below 1·ha −1 . Additionally, normalization confirmed that agriculture in the Netherlands has the most adverse impact on the environment in all pivotal categories, except for The results of the normalization step of agriculture in the EU-28 revealed the environmental problem areas related to agricultural practices applied in the European Union (Figure 4) . Thus, terrestrial acidification-55.56·ha −1 , natural land transformation-52.33·ha −1 , freshwater eutrophication-21.19·ha −1 , marine eutrophication-20.81·ha −1 and particulate matter formation-20.48·ha −1 are the focal concerns of the agricultural sector. European agriculture causes also other environmental problems, such as: photochemical oxidant formation-7.66·ha −1 , climate change-6.48·ha −1 , fossil depletion-5.22·ha −1 and ecotoxicity (terrestrial, freshwater and marine)-4.68·ha −1 , although to a lesser degree. In the remaining impact categories, the normalized impact on the environment is below 1·ha −1 . Additionally, normalization confirmed that agriculture in the Netherlands has the most adverse impact on the environment in all pivotal categories, except for terrestrial acidification and particulate matter formation, in which the Netherlands was overtaken by Malta.
The results of the contribution analysis of agriculture in the EU-28 proved that airborne emissions (i.e., ammonia, carbon dioxide, carbon monoxide, methane, nitrogen oxides, NMVOC, sulphur oxides, and particulates <2.5 µm), use of fertilizers, and the consumption of energy are the predominant causative factors of the negative environmental impacts of EU agricultural practices. Gases causing acid deposition, including ammonia, nitrogen oxides, and sulphur oxides, are responsible for the formation of terrestrial acidification; the contribution of ammonia is 91% on average. Ammonia, together with particulates <2.5 µm, also plays a significant role in terms of particulate matter formation. Greenhouse gases, including carbon dioxide and methane, are responsible for climate change, although the share of methane is 68% on average. NMVOC and nitrogen oxides are responsible for photochemical oxidant formation. The use of phosphorus and nitrogen fertilizers causes freshwater and marine eutrophication, respectively. The contribution of phosphorus fertilizers in freshwater eutrophication exceeds 99% in the agricultural sectors of Bulgaria, Germany, Ireland, Lithuania, and Romania, whereas the contribution of nitrogen fertilizers in marine eutrophication reaches the level of 75% and above in the agricultural sectors of Bulgaria, the Czech Republic, Finland, Hungary, Lithuania, and the United Kingdom. Finally, the consumption of energy by agriculture in the EU-28 leads to considerable changes in the quality of the land associated with natural land transformation. 
DEA Performance
The foundation for the calculation of the eco-efficiency performance of agriculture in the EU-28 was a set of selected normalised environmental impact categories and gross domestic products (GDP), all referenced to the utilised agricultural area of 1 ha. As the large number of inputs (normalised environmental impact categories) to the number of DMUs (agricultural sectors analysed) may diminish the discriminatory power of DEA, the correlation matrix was assessed (Table A2 of Appendix A). By calculating the correlation coefficients, however, it is possible to reduce the number of inputs [49, 50] . Due to the fact that the correlation coefficients ρn,m for n,m = {1, 7 … 17} are close to 1 and for each n = {2 … 6} the correlation coefficients ρn,m where m = {1, 7 … 17} are constant, the set of inputs marked by n = {1, 7 … 17} may be represented by climate change. Consequently, six inputsclimate change, terrestrial acidification, freshwater eutrophication, marine eutrophication, particulate matter formation, and photochemical oxidant formation-were selected for the ecoefficiency analysis of agriculture in the EU-28. The rule that the number of DMUs should be at least three times greater than the number of inputs and outputs combined was met [51] .
The GDP of the agricultural sector in the EU-28 was at the level of 205.561 million Euro and thus accounted for 1.4% of the EU-28's GDP in 2015 (Table A3 of Appendix A) [52, 53] . Despite the relatively low share of agriculture in generating the EU-28's GDP, there is a group of member states in which agriculture has a considerably higher contribution to the GDP (i.e., Bulgaria (4.1%), Greece (3.7%), Hungary (3.7%), Latvia (3.6%), and Croatia (3.5%)). Cross-country analysis also showed that 
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The GDP of the agricultural sector in the EU-28 was at the level of 205.561 million Euro and thus accounted for 1.4% of the EU-28's GDP in 2015 (Table A3 of Appendix A) [52, 53] . Despite the relatively low share of agriculture in generating the EU-28's GDP, there is a group of member states in which agriculture has a considerably higher contribution to the GDP (i.e., Bulgaria (4.1%), Greece (3.7%), Hungary (3.7%), Latvia (3.6%), and Croatia (3.5%)). Cross-country analysis also showed that France, Italy, and Spain recorded the highest GDPs from agriculture, with 17.4%, 16.4%, and 13.1% shares of the total EU agricultural GDP, respectively.
In order to calculate the eco-efficiency performance of agriculture in the EU-28, the DEA method of the input-oriented BCC model was used. Therefore, 28 problems of linear programming were solved. For instance, the linear programming problem for the agricultural sector in Germany can be expressed in the following manner:
1.
Decision variables
2.
Objective function
3. Problem Constraints
1.799λ o1 + 3.56λ o2 + 0.215λ o3 + . . . . . . +1.364λ o27 + 1.088λ o28 ≤ 3.264θ o (10)
4. Non-Negativity Constraints
The results of the eco-efficiency evaluation of agriculture in the EU-28 revealed that the agricultural sector of 10 member states of the European Union is 100% eco-efficient ( Figure 5 ). At the top of the eco-efficiency ranking of agriculture in the EU-28, with a score of 1, are Belgium, Bulgaria, Estonia, Finland, Greece, Malta, the Netherlands, Romania, Sweden, and Italy. They are followed by the member states with relatively high eco-efficiency scores for agriculture, with scores above or equal to 80%, such as Latvia, Lithuania, Luxembourg, Portugal, Slovakia, and the United Kingdom. The last in the ranking, with an eco-efficiency level of agriculture below 60%, are Germany, Ireland, Poland, and Slovenia. Given the aforementioned ranking of the eco-efficiency performance of agriculture of the EU-28, the agricultural sectors of the member states can be assigned into the following groups: The eco-efficiency performance of the agricultural sectors in the EU-28 was contrasted with the corresponding ratios of GDP ( Figure 6 ). The results confirmed the findings of recent research [9, 54] that there is a correlation between eco-efficiency and GDP level and thus, apart from Bulgaria, Estonia and Romania, the agricultural sectors of the eco-efficiency leaders of the European Union also have the highest GDP per ha, e.g. Malta-8955 Euro, the Netherlands-5925 Euro, Italy-2611 Euro, Belgium-2159 Euro, Finland-2028 Euro, Sweden-1779 Euro and Greece-1233 Euro. However, it is important to underscore the fact that high GDP does not guarantee achieving high eco-efficiency scores as in, for instance, the cases of agriculture in Cyprus-2525 Euro, Slovenia-1629 Euro and France-1206 Euro. The eco-efficiency performance of the agricultural sectors in the EU-28 was contrasted with the corresponding ratios of GDP ( Figure 6 ). The results confirmed the findings of recent research [9, 54] that there is a correlation between eco-efficiency and GDP level and thus, apart from Bulgaria, Estonia and Romania, the agricultural sectors of the eco-efficiency leaders of the European Union also have the highest GDP per ha, e.g., Malta-8955 Euro, the Netherlands-5925 Euro, Italy-2611 Euro, Belgium-2159 Euro, Finland-2028 Euro, Sweden-1779 Euro and Greece-1233 Euro. However, it is important to underscore the fact that high GDP does not guarantee achieving high eco-efficiency scores as in, for instance, the cases of agriculture in Cyprus-2525 Euro, Slovenia-1629 Euro and France-1206 Euro. For the eco-inefficient agricultural sectors, so-called 'optimal technology' can be established using the optimal intensity weights derived from the BCC optimising procedure. This consists of a combination of technologies from eco-efficiency leaders-alleged benchmarks, which enable the member states of the European Union to decrease the environmental impacts related to agriculture, while maintaining the current levels of GDP. Although the agricultural sectors in the EU-28 require For the eco-inefficient agricultural sectors, so-called 'optimal technology' can be established using the optimal intensity weights derived from the BCC optimising procedure. This consists of a combination of technologies from eco-efficiency leaders-alleged benchmarks, which enable the member states of the European Union to decrease the environmental impacts related to agriculture, while maintaining the current levels of GDP. Although the agricultural sectors in the EU-28 require different improvements depending upon their eco-inefficiency level, on average, to achieve eco-efficiency, they ought to predominantly follow the patterns set by Greece (31%), Estonia (22%), and Bulgaria (11%). Analogously, in order to be eco-efficient, the eco-inefficient agricultural sectors require a reduction in their environmental impacts, including a decrease of an average of 38% in climate change, 30% in terrestrial acidification, 35% in freshwater and marine eutrophication, 54% in photochemical oxidant formation, and 35% in particulate matter formation (Figure 7) . The most eco-inefficient agriculture in the European Union requires the highest reductions, and thus, agriculture in Ireland requires the highest reduction (68%) in climate change; agriculture in Poland requires the highest reduction (54%, 54%, and 65%) in terrestrial acidification, freshwater eutrophication and particulate matter formation, respectively; agriculture in the Czech Republic requires the highest reduction (64%) in marine eutrophication, and, finally, agriculture in Slovenia requires the highest reduction (88%) in photochemical oxidant formation. 
Discussion
The research has provided a valuable insight into the eco-efficiency performance of agriculture in the EU-28. It proved, though, that the agricultural sectors of 10 member states of the European Union are relatively eco-efficient. These are Belgium, Bulgaria, Estonia, Finland, Greece, Malta, the Netherlands, Romania, Sweden, and Italy. Considering the nature of the eco-efficiency evaluation, the eco-efficiency leaders of agriculture can be allocated into two groups. The first group comprises the agricultural sectors with relatively low environmental performance as expressed by the following impact categories: climate change, terrestrial acidification, eutrophication (freshwater and marine), photochemical oxidant formation, and particulate matter formation per ha, but high economic 
The research has provided a valuable insight into the eco-efficiency performance of agriculture in the EU-28. It proved, though, that the agricultural sectors of 10 member states of the European Union are relatively eco-efficient. These are Belgium, Bulgaria, Estonia, Finland, Greece, Malta, the Netherlands, Romania, Sweden, and Italy. Considering the nature of the eco-efficiency evaluation, the eco-efficiency leaders of agriculture can be allocated into two groups. The first group comprises the agricultural sectors with relatively low environmental performance as expressed by the following impact categories: climate change, terrestrial acidification, eutrophication (freshwater and marine), photochemical oxidant formation, and particulate matter formation per ha, but high economic performance as expressed by the current level of GDP per ha (i.e., Belgium, Finland, Greece, Malta, the Netherlands, Sweden, and Italy). The second group comprises the agricultural sectors of relatively high environmental, but low economic performance (i.e., Bulgaria, Estonia, and Romania).
Man-made interventions and, thus, the eco-efficiency performance of agriculture is heavily dependent on the type of crops and intensity of agricultural production processes. In this sense, the agricultural sectors of the eco-efficiency leaders have a lot in common, because in all the member states that have eco-efficient agricultural production, except Estonia, Finland, and Malta, agricultural crop products are significantly higher than livestock products, exceeding even 70% of the total agricultural output in Bulgaria, Greece, and Romania [55] . Moreover, in most of the member states that have agricultural sectors with good eco-efficiency performance, vegetables and horticultural products form the largest agricultural crop output, such as the Netherlands 39%, Malta 32%, Italy 20%, Greece 17%, and Finland 14%. Cereals form another important agricultural crop output in the eco-efficient agricultural sectors in the EU-28, and thus, they constitute 35% in Bulgaria, 25% in Romania, 22% in Estonia, and 14% in Sweden of the total agricultural production. Furthermore, Bulgaria, Greece, Italy, and Romania are significant grape producers in comparison with the agricultural sectors of other member states of the European Union. Finally, Greece, together with Italy, are the largest olive producers in the EU-28.
18 member states of the EU-28 (Austria, Croatia, Cyprus, the Czech Republic, Denmark, France, Germany, Hungary, Ireland, Latvia, Lithuania, Luxembourg, Poland, Portugal, Slovakia, Slovenia, Spain, and the United Kingdom) have eco-inefficient agricultural sectors, though to a varying extent. This means that they consume too many natural resources (in particular, energy), use excessive quantities of fertilizers, and produce considerable amounts of airborne emissions in relation to the current level of GDP per ha. The research also revealed that waste generation does not have a significant influence on the results of the environmental performance of agriculture and thus can be omitted in the future eco-efficiency evaluations of agriculture at the sector level. The main environmental problem areas of agriculture in the EU-28 are terrestrial acidification, natural land transformation, eutrophication (freshwater and marine), particulate matter formation, photochemical oxidant formation, climate change, fossil depletion, and ecotoxicity (freshwater, marine, and terrestrial).
Due to complexity of the scope of the research, it is impossible to discuss the reasons for eco-inefficiency of agriculture in all the member states of the European Union. In general, the main environmental impacts of agriculture arise from animal husbandry and on-field activities related to the cultivation of plants, and thus, they strongly depend upon applied agricultural production methods, topographic and climatic conditions, and the type of agricultural output. Consequently, there might be many reasons for the relatively low environmental performance of agriculture in the EU-28, including the concentration of agricultural production, the use of machinery, the heating of livestock stables and greenhouses, the use of mineral fertilizers (nitrogen and phosphorus), and pesticides (of which production is very energy consuming), lack of crop rotation, and, finally, the inadequate storage and handling of livestock slurries and manure. Interestingly, the research also disclosed that livestock products form the dominant agricultural output in all the eco-inefficient agricultures in the EU-28, except in the agricultural sectors of the Czech Republic, France, Slovenia, Latvia, Lithuania, Portugal, and Slovakia, but the last four are eco-efficiency followers.
Owing to the fact that several assumptions and simplifications were made in the eco-efficiency evaluation of agriculture in the EU-28, the achieved results are not free from limitations. The major potential limitations are the lack of up-to-date, complete data on water consumption by agriculture, the under-representation of pesticide impacts on the environment in the currently available LCIA methods [56] , and the lack of adaptation of the natural land transformation impact category to agricultural production systems [36] . Neither does the research investigate in-depth the mechanisms behind the environmental and economic relationship in the agricultural sectors. In addition, if other, for instance, functional unit, environmental inputs and outputs, economic indicators, impact categories, and calculation methods were adopted, the eco-efficiency assessment might produce different results.
Conclusions
Despite the continuous endeavours of the European Commission, the agricultural production in the European Union still faces a challenge to reconcile high environmental and economic performance. The research revealed, though, that only 10 member states of the EU-28 have been able to reach eco-efficiency in their agricultural production. This implies that policymakers ought to strengthen their efforts to encourage the implementation of environmentally sound farming techniques of plant cultivation and animal husbandry through, for instance, agri-environmental payments.
Current research on the eco-efficiency performance of agriculture in the EU-28 proves that the joint application of LCA+DEA is a valuable alternative methodology for measuring the eco-efficiency of agriculture at the sector level. Firstly, by using LCA, it is possible to assess the direct and indirect environmental impacts associated with agricultural production and convert them into relevant impact categories. Secondly, by using DEA, it is possible to incorporate several environmental impact categories and economic indicators into one aggregated score that concurrently describes environmental and economic performance instead of using many different scores that complicate the interpretation of results. Finally, in contrast to the ratio approach, the joint application of LCA+DEA does not require assigning subjective weights.
Future research, based on the findings obtained in this study, could unfold in several directions. In the first place, due to the fact that the many of the biggest agricultural sectors in the European Union in terms of GDP, such as France, Germany, and Poland belong to the group of eco-efficiency moderates or eco-efficiency laggards, exploring these agricultural production systems in a more comprehensive manner is highly recommended. Secondly, more research is also required from the methodological perspective to test the proposed LCA+DEA approach to the eco-efficiency assessment, including the merit of alternative types of joint LCA+DEA methods. 
